Interstrand cross-links are exceptionally bioactive DNA lesions. Endogenous generation of interstrand cross-links in genomic DNA may contribute to aging, neurodegeneration, and cancer. Abasic (Ap) sites are common lesions in genomic DNA that readily undergo spontaneous and amine-catalyzed strand cleavage reactions that generate a 2,3-didehydro-2,3-dideoxyribose sugar remnant (3'ddR5p) at the 3'-terminus of the strand break. Interestingly, this strand scission process leaves an electrophilic ␣,␤-unsaturated aldehyde residue embedded within the resulting nicked duplex. Here we present evidence that 3'ddR5p derivatives generated by sperminecatalyzed strand cleavage at Ap sites in duplex DNA can react with adenine residues on the opposing strand to generate a complex lesion consisting of an interstrand cross-link adjacent to a strand break. The cross-link blocks DNA replication by 29 DNA polymerase, a highly processive polymerase enzyme that couples synthesis with strand displacement. This suggests that 3'ddR5p-derived cross-links have the potential to block critical cellular DNA transactions that require strand separation. LC-MS/MS methods developed herein provide powerful tools for studying the occurrence and properties of these cross-links in biochemical and biological systems.
INTRODUCTION
Damage to cellular DNA is unavoidable (1) . A wide variety of chemical and enzymatic processes contribute to the degradation of cellular DNA, including oxidation, alkylation, misincorporation of ribonucleotides, hydrolytic deamination of the nucleobases, and hydrolysis of the glycosidic bonds to generate abasic (Ap) sites (1) (2) (3) (4) (5) (6) (7) (8) . DNA repair systems mitigate the effects of DNA damage (9) (10) (11) , but some lesions inevitably evade repair with deleterious consequences. Endogenous DNA damage in mammalian cells may contribute to aging, neurodegeneration, mitochondrial dysfunction, mutagenesis and cancer (12) (13) (14) (15) (16) (17) (18) (19) .
Not all DNA lesions have equal bioactivity. Certain types of DNA damage such as double-strand breaks (20) , interstrand cross-links (21) (22) (23) (24) , and clustered lesions (typically defined as more than one DNA lesion within a 10 base pair region) (25, 26) have exceptionally potent biological effects even when generated at low levels in cellular DNA. To better understand the roles of endogenous DNA damage in human health and disease, it is critical to identify the exceptionally bioactive lesions that occur spontaneously in cellular DNA. Along these lines, we have identified a new, structurally complex, interstrand cross-link arising from strand breakage at Ap sites in duplex DNA.
Ap sites are ubiquitous endogenous lesions in genomic DNA that are generated by spontaneous or enzymecatalyzed hydrolysis of the glycosidic bonds linking the nucleobases to the sugar-phosphate backbone (1, 27, 28) . Ap sites can be converted to strand breaks via ␤-elimination of the 3'-phosphoryl group (Scheme 1) (1, (29) (30) (31) (32) (33) . This reaction occurs spontaneously under physiological conditions and also can be catalyzed by amino groups in DNA repair enzymes, histones, small peptides and endogenous polyamines such as spermine (Scheme 1) (1, (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) . Interestingly, this strand scission process generates an electrophilic 2,3-didehydro-2,3-dideoxyribose derivative (3'ddR5p) embedded within the DNA duplex at the 3'-terminus of the strand break (Scheme 1) (30, 44, 49, 50) . Here, we present evidence that 3'ddR5p derivatives generated by spermine-catalyzed strand cleavage at Ap sites in duplex DNA can react with adenine residues on the opposing strand to generate a complex lesion consisting of an interstrand cross-link adjacent to a strand break. (53, 55) and phi-29 (29) DNA polymerase primer extension reactions (56) were conducted as described in published procedures, with minor modifications. Detailed experimental protocols for these experiments are provided in the Supplementary Data.
EXPERIMENTAL

Materials and methods
Oligonucleotides
Representative procedures for generation of the nicked duplex C and its conversion to the nicked cross-linked duplex D
In these experiments, 2'-deoxyuridine-containing oligonucleotides were used as precursors for the enzymatic generation of Ap-containing oligonucleotides (57, 58) . The singlestranded, uracil-containing 2'-deoxy-oligonucleotides were ␣-32 P 5'-end-labeled using standard procedures (59) , and then annealed with the complimentary strand. The labeled duplex DNA was treated with the UDG (200 units/ml, final concentration) in Tris-HCl buffer (20 mM, pH 8) containing DTT (1 mM), EDTA (1 mM) and spermine (1 mM). After incubation at 37
• C for 45-60 min, the UDG enzyme was removed by phenol-chloroform extraction (59) and the DNA ethanol precipitated (59) to remove spermine and other low molecular weight compounds. The resulting nicked duplex was redissolved and incubated in a buffer composed of HEPES (50 mM, pH 7.4) and NaCl (100 mM) at 37
• C for 72 h. The reaction mixture was then combined with formamide loading buffer (59) and the resulting sam- ple loaded onto a 20% denaturing polyacrylamide gel (0.4 mm thick) and the gel electrophoresed for 6 h at 1600 V. A gel image and the amount of radiolabeled DNA in each band on the gel was obtained by phosphorimager analysis. The formation rate of cross-linked DNA was measured as described above except at specified time points, aliquots were removed and frozen at −20
• C prior to gel electrophoretic analysis.
Reduction of the cross-link in duplex D by NaBH 4
Duplex DNA containing 32 P-labeled, nicked duplex D was incubated in a buffer composed of HEPES (50 mM, pH 7.4) and NaCl (100 mM) at 37
• C for 72 h. NaBH 4 was added (100 mM, final concentration), and the pH of the resulting solution adjusted by addition of aqueous NaOH to a final concentration of 0.01 N. The mixture was incubated at 37
• C for another 4 h, followed by neutralization with HCl (0.1 N). The DNA was ethanol precipitated, resuspended in formamide loading buffer, loaded onto a 2 mm thick 20% denaturing polyacrylamide gel, and the cross-link isolated as described above.
RESULTS AND DISCUSSION
Generation of nicked DNA duplexes containing a 3'ddR5p sugar remnant and gel electrophoretic evidence for the formation of nicked cross-linked DNA duplexes Nicked DNA duplexes containing the 3'ddR5p end group at the break were generated by reaction of the endogenous polyamine spermine (60) with the corresponding Ap duplexes (43, 45, 61) . The 5'-32 P-labeled, 35 base pair Apcontaining duplex A (Figure 1 ) was prepared from the corresponding 2'-deoxyuridine-containing duplex by treatment with uracil DNA glycosylase (UDG) as described previously (53) (54) (55) (56) (57) (58) (62) (63) (64) . To confirm successful generation of the Ap site in duplex A, denaturing polyacrylamide gel electrophoretic analysis was used to show that treatment with 
piperidine (1 M, 95
• C, 25 min) cleanly induced strand cleavage to give the expected (1,65) fast-migrating product with a 3'-phosphoryl terminus. In addition, incubation of duplex A, containing the intact Ap site, in HEPES buffer (50 mM, pH 7.4) containing NaCl (100 mM) at 37
• C gave the expected slowly-migrating band ( Figure 2 , lane 4) corresponding to the previously characterized (55,63) full-length crosslinked duplex B ( Figure 1 , and structure 4 in Scheme 2).
Nicked duplex C, containing the 3'ddR5p end group was generated by addition of spermine (1 mM), to the UDG reaction (43, 45, 61) . Spermine is an endogenous polyamine that is present at millimolar concentrations in the nuclei of cells (60) . Spermine and other polyamines associate with chromatin (66) and also serve as regulators of cell growth and apoptotic cell death (67) . The cleavage of abasic sites by spermine and other low molecular weight polyamines has been described previously (43) (44) (45) 61) . Ethanol precipitation of the freshly prepared nicked duplex C, followed by electrophoretic analysis, revealed two cleavage products ( Figure 2 , lane 5) whose gel mobilities were consistent with the presence of the 3'-end groups 1 and 3 (Scheme 1) (42, 44, 68) . Further incubation of the spermine-nicked duplex C in HEPES buffer (50 mM, pH 7.4) containing NaCl (100 mM) at 37
• C led to the formation of a major slowly-migrating band whose mobility on the denaturing polyacrylamide gel--intermediate between the full-length single strand from duplex A and the full-length cross-linked duplex B--was consistent with that expected for the nicked cross-link (duplex D, lane 6).
A separate experiment provided evidence for the intermediacy of the spermine adducts 2 and 3 (Scheme 1). Specifically, treatment of the Ap-containing duplex A with various concentrations of spermine in the presence of NaCNBH 3 (25 mM) for 1 h gave rise to two new bands (Supplementary Figure S1 ) with retarded gel mobility consistent with that expected for products arising from reduction of the spermine adducts 2 and 3 (44) . The band arising from reduction of the full length spermine adduct 2 predominated (Supplementary Figure S1 ). This result is consistent with a system in which reduction of the intermediate Ap-derived imininium ion 2 by NaCNBH 3 competes effectively against strand cleavage to generate 3.
The yield of the nicked cross-link formed following spermine-mediated generation of the nicked duplex C was ∼35%, with the half-maximal yield reached inside of 8 h at pH 7.4 and 37
• C (Supplementary Figure S2) . Easily detectable amounts of the cross-linked product were evident even at the earliest time points of our experiments, presumably formed during the generation of the nicked duplex C. It is noteworthy that a band consistent with the nicked crosslink was generated even in the absence of spermine ( Figure  2, lane 3) , albeit in lower yield, presumably arising via the relatively slow, spontaneous strand cleavage at the Ap site (31, 38) to generate the 3'-ddR5p end product 1.
Gel shift analyses were used to provide evidence that the new, slowly-moving band generated from the nicked duplex C is a cross-linked species that contains three of the four 'quadrants' of the starting duplex A. We first showed that the new, slowly-migrating band has shed the oligonucleotide fragment on the 3'-side of the Ap site (light gray segments in Figures 1-3, and S3 ). We found that installation of a 5 nucleotide (nt) overhanging extension onto this end of the starting duplex caused no change in the mobility of the slowly-migrating band resulting from spermine-mediated strand cleavage (duplexes C and G, Figure 3 ). On the other hand, addition of 5 nt overhangs to the ends of the other four quadrants of the starting duplex caused retardation in the gel mobility of the slowly-migrating band resulting from spermine-nicked duplex (Figure 3) . Overall, the gel electrophoretic results provided strong evidence that sperminecatalyzed cleavage of Ap sites in duplex DNA gave rise to a cross-linked species in which the 3'ddR5p sugar remnant is attached to the opposing strand of the duplex.
Iron-EDTA-H 2 O 2 footprinting identifies the sites of crosslink attachment
To identify the location of the cross-link attachment in duplex D, we conducted an iron-EDTA-H 2 O 2 footprinting experiment (51, 52) . The strand complementary to the 3'ddR5p-containing oligonucleotide was 5'-32 P-labeled and the gel-purified, nicked cross-link resulting from this duplex subjected to cleavage by a mixture of iron-EDTA-H 2 O 2 (51) (52) (53) . In this experiment, the site of cross-linking appears as an interruption in the 'ladder' of strand cleavage products generated by the iron-EDTA-H 2 O 2 system, because cleavages beyond the cross-link yield large, slowly-migrating DNA fragments that are connected to the opposing strand (51, 52) . Footprinting of the cross-linked duplex D provided evidence that interstrand attachments were located at the adenine residues in positions 52 and 53 of duplex D, with adenine 52 being the predominant site of attachment (Figure 4) .
Mass spectrometric analysis of nicked, cross-linked duplexes
Analysis of the nicked cross-link generated in duplex E by nanospray QTOF-MS revealed a single major signal corresponding to an observed mass of 16115.65 amu (Supplementary Figure S4 ). This result combined with the data described above allowed us to suggest a reasonable mechanism for cross-link formation involving 1,4-addition of an adenine residue to the 3'ddR5p group (Scheme 3, calcd mass of 5 = 16115.44). Importantly, this proposed reaction is consistent with literature reports describing 1,4-conjugate addition of the N1-atom of the 2'-deoxyadenosine nucleoside to the low molecular weight ␣,␤-unsaturated aldehyde, acrolein (69) (70) (71) .
To further characterize the cross-linked DNA we undertook LC-MS analysis. In these experiments, we reasoned that reduction of the aldehyde group in the proposed adduct 5 would stabilize the cross-link against decomposition via a retro-Michael-type reaction (70) during sample handling and would also generate a diagnostic mass increase of 2 units. Toward this end, we added a solution of NaBH 4 in NaOH to the cross-linking reaction after 72 h and incubated the mixture at 37
• C for an additional 4 h, followed by neutralization with 0.1 N HCl, and isolation of the cross-linked DNA from a denaturing polyacrylamide gel. Digestion of the NaBH 4 -treated cross-linked DNA duplex E with a fourenzyme cocktail consisting of nuclease P1, alkaline phosphatase, and phosphodiesterases I and II, followed by LC-MS/MS analysis (63, 72) Figure S5) . The formation of these fragment ions was in line with the proposed structure for the cross-linked nucleobase remnant (Scheme 3). The presence of multiple peaks in the LC-MS/MS ion chromatogram was consistent with the anticipated diastereomeric nature of the nucleosidic cross-link remnant 6 (Scheme 3).
Overall, the mass spectrometric data are consistent with formation of a nicked, cross-linked duplex arising from 3'ddR5p derivatives generated by strand scission at the Ap site. The data further indicates that cross-linking involves attachment to adenine on the opposing strand. Finally, the results are consistent with cross-link formation via 1,4-addition of adenine to the 3'ddR5p group.
The 3'ddR5p-derived cross-link blocks DNA replication by the strand-displacing 29 DNA polymerase
The results described above indicate that the (unreduced) cross-link derived from the 3'ddR5p group is stable to sample handling and gel electrophoretic analysis (Figures 2  and 3) . Nonetheless, we felt it was important to investigate whether the cross-linkage can withstand DNA processing enzymes that actively induce strand separation. To examine this issue, we used 29 DNA polymerase, an enzyme that has been described as a hybrid helicase-polymerase (73) . Bacteriophage 29 DNA polymerase is a highly processive polymerase that couples synthesis and strand displacement to carry out DNA replication without assistance from helicases, clamp proteins, or other accessory factors (74) .
We prepared a series of 29 DNA polymerase substrates to examine whether the 3'ddR5p cross-link was able to block strand separation by the enzyme (Figure 6 and Supplementary Figure S6 ). We first carried out a series of control experiments showing that the enzyme, in combination with dNTPs fully extended a 15 nt 32 P-labeled primer annealed to a 56 nt template strand (substrate M), a template strand with a 35 nt duplex region downstream of the primer (N), and a 56 nt template strand containing a 35 nt nicked duplex downstream of the primer (O, Figures 6 and Supplementary Figure S6 ). As expected based upon our previous work (56) , extension of the primer in substrate R containing the dA-Ap cross-link 4 in the downstream duplex region was stalled immediately preceding the cross-link. Primer extension in substrate Q, containing the nicked 3'ddR5p crosslink in a downstream duplex region was almost completely stalled at last unmodified base preceding the cross-link. Extension of the primer in cross-linked substrate P, lacking the duplex region on the 3'-side of the cross-link was similarly stalled at the cross-link. Overall, the results provided evidence that the dA-3'ddR5p cross-link was stable against the powerful strand-separating properties (73) of the helicasepolymerase activity of the bacteriophage 29 DNA polymerase.
CONCLUSIONS
Strand breaks at Ap sites in cellular DNA are generated by spontaneous and enzymatic processes (1, (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) . Interestingly, this reaction generates an electrophilic 3'ddR5p derivative embedded within the nicked duplex (30, 44, 49, 50) . A few studies have shown that nucleophilic small molecules (34, 37, 75, 76) and proteins (77) (78) (79) can react with the 3'ddR5p sugar remnant. However, our work provides the first characterization of interstrand cross-links resulting from the reaction of the 3'ddR5p group with a nucleobase on the opposing strand. Catalano et al. previously proposed a product of this type to explain a band observed in the denaturing gel analysis of Ap-containing DNA duplexes (80) but information related to the structure, origin and properties of this cross-link have been lacking until now. In addition, cross-links of this type were proposed to explain high molecular weight impurities generated in the manufacture of therapeutic oligonucleotides, but again the structure, origin and properties of these cross-linked species were not characterized (81).
Our results provide evidence that spermine-catalyzed strand cleavage at a true Ap site in duplex DNA can lead to generation of a complex lesion consisting of an interstrand cross-link to adenine adjacent to a strand break. This reaction is distinct from previous work involving strand cleavage at oxidized Ap sites (52, (82) (83) (84) (85) . The exact chemical structure of the interstrand attachment remains to be defined, but our data combined with literature precedents (69, 71) allow us to propose a cross-link structure 5 derived from 1,4-addition of the N1-atom of adenine to the 3'ddR5p residue (Scheme 3). Importantly, we provided evidence that this cross-link blocks DNA replication by 29 DNA polymerase, a highly processive polymerase enzyme that couples synthesis and strand displacement (74) . This forecasts the potential for the dA-3'ddR5p cross-link to block mammalian DNA replication and transcription. In addition, cross-links of this type may present special challenges to repair systems (52, 83) . Cross-links could contribute to the toxicity and generation of slow-moving chromosomal DNA intermediates caused by increased levels of 3'ddR5p strand breaks in Saccharomyces cerevisiae mutants with dysregulated base excision repair pathways (86) (87) (88) . It will be interesting to explore how spermine and other polyamines in the nucleus modulate the fate of Ap sites in genomic DNA. The polyamine-derived imines 2 and 3 (Scheme 1) are expected to be much more reactive than the parent aldehydes Ap and 1 (89) (90) (91) . Indeed, the spermine-mediated formation of the nicked cross-links described here is substantially faster than the formation of the full-length dA-Ap cross-link described previously (4, Scheme 2) (55).
Chemical precedents involving the reaction of nucleosides with low molecular weight compounds such as HNE and acrolein show that all four of the canonical DNA bases have the potential to react with ␣,␤-unsaturated aldehydes (69, 71, (92) (93) (94) (95) . Thus, it seems likely that interstrand crosslinks derived from the 3'ddR5p group in duplex DNA will prove to be a structurally diverse family of complex lesions that can form in a wide variety of sequence contexts. The LC-MS/MS methods developed here provide a powerful tool for studying the occurrence and properties of these cross-links in biochemical and biological systems (96, 97) .
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